A critical task in evolutionary genetics is to explain the persistence of heritable variation in fitness-related traits such as immunity. Ecological factors can maintain genetic variation in immunity, but less is known about the role of other factors, such as antagonistic pleiotropy, on immunity. Sexually dimorphic immunity-with females often being more immune-competent-may maintain variation in immunity in dioecious populations. Most eco-immunological studies assess host resistance to parasites rather than the host's ability to maintain fitness during infection (tolerance). Distinguishing between resistance and tolerance is important as they are thought to have markedly different evolutionary and epidemiological outcomes. Few studies have investigated tolerance in animals, and the extent of sexual dimorphism in tolerance is unknown. Using males and females from 50 Drosophila melanogaster genotypes, we investigated possible sources of genetic variation for immunity by assessing both resistance and tolerance to the common bacterial pathogen Pseudomonas aeruginosa. We found evidence of sexual dimorphism and sexual antagonism for resistance and tolerance, and a trade-off between the two traits. Our findings suggest that antagonistic pleiotropy may be a major contributor to variation in immunity, with implications for host-parasite coevolution.
Introduction
If there is a cost of maintaining resistance in the absence of parasites [1] , then the benefit of being resistant will depend on parasite prevalence. By reducing parasite fitness, resistance is expected to lead to negative frequency-dependent selection and the maintenance of genetic variation in both hosts and parasites [2] [3] [4] . By contrast, tolerance, the maintenance of fitness in spite of infection, does not decrease parasite fitness and selects for increased parasite prevalence. The positive feedback between tolerance and prevalence is predicted to result in the fixation of alleles that confer tolerance [4,5, but see 6] . Resistance and tolerance may therefore have different and potentially contrasting effects on host-parasite dynamics and genetic variation in immunity.
Although plant biologists have long recognized tolerance as a mechanism for dealing with stress [7] [8] [9] [10] [11] [12] , it is only recently that studies of tolerance in animals made their way into medical, evolutionary and ecological discourse. Sex differences in resistance and tolerance have been found in plants [8] , and sex-biased immunity is a common finding in animals [13] [14] [15] [16] . Several theories have been put forth to explain the prevalence of female-biased immunocompetence [17] [18] [19] , but one possibility is that the sexes differ in their optimal investment in immunity or resource allocation to different components of the immune response (e.g. resistance and tolerance) [18, 19] . Furthermore, the fact that resistance and tolerance have been found to be negatively genetically correlated [20] suggests that greater resistance in one sex may be accompanied by greater tolerance in the other. Sexually dimorphic immunity suggests that some alleles could have sexually antagonistic effects on immunity [21] , and a significant fraction of standing genetic variation in immunity may result from sexually antagonistic selection.
Genetic variation in immunity is particularly likely to arise if immune traits present large mutational 'targets' [22] . In the absence of pleiotropy, immunity & 2014 The Author(s) Published by the Royal Society. All rights reserved.
will be positively related to fitness, such that new mutations will have a negative effect on immunity, if any. However, mutational effects could be bidirectional if immunity is under balancing or stabilizing selection [23] . We investigated sex differences and the effect of spontaneous mutations on resistance and tolerance to Pseudomonas aeruginosa infection in the fruit fly Drosophila melanogaster. P. aeruginosa is a common insect pathogen, and Pseudomonas species have been identified in wild D. melanogaster populations [24] . We used 25 mutation accumulation (MA) lines and their corresponding control (25 non-MA) isogenic lines of D. melanogaster to test for sexual and genetic variation in resistance and tolerance. The MA genotypes studied are known to have reduced mean viability and reproductive success relative to their controls [25, 26] . All genotypes were homozygous, and derived from the same ancestral genotype.
Methods
Fly stocks were maintained on yeast -sugar -agar medium at 258C, 50% relative humidity, with a 12 L : 12 D cycle. Experimental flies were collected as virgins and housed in separate-sex vials of no more than 25 flies each. Flies were anaesthetized using CO 2 to conduct manipulations and crosses. We studied lines that accumulated mutations on the second chromosome for 62 generations, and corresponding controls; the MA procedure is described elsewhere [25] , and shown in the electronic supplementary material, figure S1 . Following MA, crosses were performed to situate 25 MA chromosomes and 25 control chromosomes on a common isogenic background derived from an outbred laboratory population. These crosses served to eliminate all genetic variation within, as well as among, lines that was not owing to mutations that accumulated in MA lines or were segregating in control populations, and any variation on the tiny fourth chromosome, which was not manipulated (see the electronic supplementary material, figure S1 for details).
Flies were infected using the injector pumping method [27] . A single colony of P. aeruginosa (PA01) was grown overnight in LB broth at 378C. The overnight culture was diluted so that the optical density at 600 nm (OD 600 nm ) was less than 0.05 and allowed to grow for approximately 5 h, corresponding to the log phase of growth (C. Vincent 2011, unpublished data). Culture (1 ml) was centrifuged and resuspended in 10 mM MgSO 4 , and the desired final concentration was obtained through serial dilution. Two doses were selected based on preliminary assays of fly survivorship, corresponding to OD 600 nm of 0.001 and 0.002. Each focal fly was injected with one of three inoculants: a 'sham' of sterile MgSO 4 solution, or one of the two doses of P. aeruginosa. Virgin flies (5-6 days post-eclosion) were injected midway along the dorsolateral line of the thorax with 9.6 nl of inoculum using a Nanoject microprocessor-controlled microinjection pipette (Drummond Scientific) with a pulled-glass capillary tip, resulting in systemic infection with minimal wounding [27] .
Flies were inoculated approximately 24 h prior to fitness and plating assays (two blocks). A subset of flies were plated immediately following inoculation and incubated for approximately 18 h at 378C. Bacteria were absent on all plates from the sham treatment, indicating that our inoculation method was free from contamination. Average initial load for a given infection level across j replicates was calculated as E[log(col j þ 1)], where col j is the number of colonies in replicate j. As initial load did not differ significantly between males and females, initial load represents the average across sexes for a given infection level. On average, 1.85 and 2.75 log 10 [col þ 1] colonies were observed for the low (OD 600 nm 0.001) and high (OD 600 nm 0.002) doses, respectively, and these initial loads were used in subsequent analyses.
To assess fitness, inoculated flies were placed in mating groups with competitors of the same sex and flies of the opposite sex. The MA and control chromosomes carry the recessive marker bw. Individual focal males and females were housed for 3 days with two outbred virgin bw/bw flies of the opposite sex and one outbred virgin wild-type fly of the same sex. At the end of day three, flies were anaesthetized and discarded. During preliminary tests, we found that flies infected with P. aeruginosa rarely survived more than 4 days; thus, our fitness assay likely captured total post-infection fitness. Offspring of focal individuals versus competitors (bw/bw versus bw/þ) were scored by eye colour on days 12 and 15 following vial initiation. Multiple replicates (mean 5.83) were conducted for each combination of sex, genotype and infection level. Our measure of absolute fitness is the number of offspring from focal individuals relative to the total number of offspring, across replicates (see below). Over 175 000 offspring were scored from 1749 replicate mating trials. Mating groups are shown in detail in the electronic supplementary material, figure S1.
We used published methods to assess bacterial load [27] . Briefly, inoculated flies were individually homogenized in sterile 10 mM MgSO 4 , serially diluted and plated onto LB medium. Plates were incubated for approximately 18 h at 378C, and the number of colonies was quantified. In five cases, there were too many colonies to count; these replicates were assigned the maximum recorded number of colonies. Bacterial load was assessed for 801 infected flies in total (four on average for each combination of sex, genotype and infection level). Bacterial load and reproductive fitness assays were performed on separate flies for each sex and genotype.
We operationally defined resistance as the ability to limit the growth of bacteria, and tolerance as the ability to maintain fitness in the presence of bacteria, relative to fitness in the absence of bacteria. For each combination of genotype, sex and infection level, we first calculated mean bacterial load and relative mean fitness across i replicates, where fitness assays and load assays were replicated separately. Mean bacterial load was calculated as d ¼ E[log 10 (col i þ 1)], where col i is the number of colonies scored in replicate i. The absence of bacteria in sham-treated flies was confirmed both immediately following inoculations and in the bacterial load assays. Mean fitness was calculated as W ¼ Sbw i /Stotal i , where bw i and total i are the number of brown-eyed and total number of offspring scored in replicate i, respectively. Relative fitness at infection level k was then calculated as w k ¼ W k /W 0 , where W 0 is fitness in the absence of infection (sham treatment).
Resistance was calculated as 1/m, where m is the linear slope of d on average initial load, with a fixed intercept of (0, 0) (i.e. when initial load is zero, bacterial load is always zero). Transforming the slope as -m instead of 1/m produced the same results. Initial loads were constant across groups, represented by 0, 1.85 and 2.75; thus, flies with relatively larger bacterial loads were said to have relatively lower resistance. Tolerance was calculated as the linear slope of w on d, with a fixed intercept of (0,1) (i.e. sham-treated flies, with d ¼ 0, have relative fitness of 1). Thus, where increasing bacterial load resulted in greater loss of fitness, relative to fitness when uninfected, those flies were said to have lower tolerance. In a few cases, we were unable to determine tolerance in males (n ¼ 2), females (n ¼ 4) or either sex (n ¼ 1), because W 0 was zero, i.e. flies had zero fitness when uninfected. These tolerance values were treated as missing.
Data were analysed in R (v. 3.0.0 [28] ). Differences among groups were assessed using analysis of variance. Non-parametric Kruskal-Wallis rank-sum tests produced similar results. Correlations were assessed using Spearman's rank correlation (r s ). We applied the Z-transform approach [29] to test the combined significance of some statistics across groups. Statistical approaches to testing for genetic variance in each trait and an ad hoc procedure rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140987 for an unbiased test of a genetic correlation between traits are described in the electronic supplementary material.
Results
We detected significant sexual dimorphism in immunity. Males were both more tolerant (F 1,89 ¼ 5.51, p ¼ 0.0211; figure 1a ) and resistant (F 1,97 ¼ 4.09, p ¼ 0.0457; figure 1b) than females. There was no effect of mutation (tolerance: To test for sexual antagonism in immunity, we examined the intersexual genetic correlation [30] figure 3 ), providing evidence for antagonistic pleiotropy between immune traits. We found significant genetic variance for both traits in both sexes, with the exception of tolerance in non-MA males (electronic supplementary material, table S1).
Discussion
We found evidence of sexual dimorphism and sexual antagonism for resistance and tolerance, and our results demonstrate a trade-off between the two traits. Some of our lines exhibited positive tolerance values (one female, seven male), suggesting increased fitness under infection. While this may reflect measurement error, an alternate explanation for positive tolerance is that the decreased likelihood of survival following an immune challenge led flies to increase their investment in current reproductive activity (terminal investment [31] ). In our mating assays, infected males might have continued to sire offspring post-mortem provided that their sperm were stored and used by females. By contrast, fitness of infected females in our study may have been limited by post-mating longevity, which could explain the apparent sex difference in positive tolerance values we observed. Because we measured fitness as competitive reproductive success, our results may reflect variation in multiple adult life-history traits, including survivorship, fecundity, mating success and sperm competition. A disadvantage of rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140987
this approach is that we cannot identify which of these specific fitness components gave rise to the patterns we observed.
Owing to the relatively greater reproductive investment by females, female fitness may be more negatively affected by stress, and as a result females could be more likely to invest in immunity, and particularly in resistance mechanisms [32] . Most eco-immunology studies assess resistance only, and, to date, no comparison of tolerance in male and female animals has been undertaken; we suggest that both resistance and tolerance should be assessed prior to concluding that females are more immunocompetent than males. Our results suggest that in D. melanogaster, males are the more immunocompetent sex. When infected with the bacterium P. aeruginosa, males outperformed females in their ability both to restrict the spread of infection (resistance), and to minimize pathology (tolerance). Furthermore, we observed an unexpected level of sexual antagonism for immunity, particularly for tolerance, resulting from both standing variation and new mutations.
Previous studies have reported male-biased resistance [33, 34] , but these are usually thought to be exceptions to the general rule of female-biased resistance. Intriguingly, these exceptions are often reported in studies that measure an individual's success (e.g. survival, fitness, pathogen clearance rates) following exposure to an actual pathogen [33, 34] , whereas female-biased immunity abounds when immunocompetence is estimated in the absence of a pathogen [35 -37] . Thus, sex-biases in immunity may result from differences in realized (survival and reproductive success once infected) and constitutive (estimates of circulating immune effectors) immunity across the sexes. Because male-biased immunity is most frequently observed in studies involving actual pathogens and tolerance is necessarily measured during infection (a 'realized' response), it is perhaps unsurprising that we detected male-biased tolerance. Even so, the possibility of greater tolerance and resistance in males warrants further exploration.
In addition to sexual dimorphism and sexual antagonism, our findings provide evidence for antagonistic pleiotropy between immune traits (figure 3). The evolution of increased tolerance at the expense of resistance, which would slow host -parasite coevolutionary dynamics [4] , may be prevented by sexual antagonism for immunity, leading to the maintenance of genetic variation in both traits. We found genetic and mutational variation in both traits, corroborating previous studies in animals that found genetic variance in resistance [3, 20, 24] and tolerance [20] , and indicating that genetic variance in immunity is also introduced by new mutations. We found that spontaneous mutations contributed genetic variance, but did not affect the trait means. This is consistent with the idea that the ancestral genotype of the MA lines was not at the optimum for either males or females, owing to sexually antagonistic balancing selection, causing new mutations to have bidirectional effects [23] .
We find that antagonistic pleiotropy, and particularly sexual antagonism, may be important factors in the maintenance of genetic variation in resistance and tolerance. The presence of two sexes may therefore have profound consequences for host-parasite coevolution. We observed a negative genetic correlation between resistance and tolerance in both sexes. We expect a negative correlation between these traits by chance owing to their shared reliance on measures of bacterial load. An alternative unbiased analysis of the relationship between fitness and load supports the conclusion that resistance and tolerance are negatively correlated (see electronic supplementary material for details).
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